Aims/hypothesis. Cardiovascular disease in diabetes is linked to increased risk of atherosclerosis, increased levels of triglyceride-rich lipoproteins and enhanced hepatic lipogenesis. The hepatic hexosamine pathway has been implicated in signalling for de novo lipogenesis by the liver. In this study, we assessed if decrease of flux through the hexosamine pathway induced by high-dose thiamine therapy counters diabetic dyslipidaemia. Methods. The model of diabetes used was the streptozotocin-induced diabetic rat with maintenance insulin therapy. Normal control and diabetic rats were studied for 24 weeks with and without oral high-dose therapy (7 and 70 mg/kg) with thiamine and benfotiamine. Plasma total cholesterol, HDL cholesterol and triglycerides were determined at 6-week intervals and hepatic metabolites and transketolase activity after death of the rats at 24 weeks.
Introduction
Diabetes mellitus is associated with a two-to threefold increased risk of CHD in men and a three-to five-fold increase in women, relative to the non-diabetic population. CHD risk determinants in the diabetic population include hyperglycaemia, hyperinsulinaemia in insulin resistance, systolic hypertension, low-grade inflammation, increased triglycerides, cholesterol and plasminogen activator inhibitor-1 [1, 2] . Dyslipidaemia is a crucial feature in diabetic CHD where increased levels of VLDL-1 particles initiate the development of small dense LDL and HDL particles that pose the main atherogenic threat [3] . Increased lipoprotein secretion by the liver, preceded by a switch from lipid oxidation to lipogenesis and increased lipoprotein synthesis, appears to be central to the development of dyslipidaemia.
The importance of the hexosamine pathway in hyperlipidaemia was indicated recently. In the liver of transgenic mice, overexpression of glutamine:fructose-6-phosphate amidotransferase (GFAT), the ratelimiting enzyme in the hexosamine pathway, was associated with hyperlipidaemia [4] . The glucose-mediated induction of lipogenic enzymes, glycerophosphate dehydrogenase (GPDH), fatty acid synthase (FAS) and acetyl-CoA carboxylase (ACC), was stimulated in liver and adipocytes by activation of the hexosamine pathway [5] . If flux through the hepatic hexosamine pathway is important in lipogenesis in diabetes, high-dose therapy with thiamine and benfotiamine is expected to counter this effect. High-dose thiamine therapy induces the expression of transketolase (TK) and saturates TK with thiamine pyrophosphate (TPP) cofactor, increasing the activity of TK and activating the reductive pentose phosphate pathway. This diverts metabolic flux away from the hexosamine pathway [6] ( Fig. 1 ). To test this hypothesis, we studied the effect of high-dose thiamine and benfotiamine therapy on dyslipidaemia in a rat model of diabetes, namely the streptozotocin (STZ)-induced diabetic rat with maintenance insulin therapy.
We report herein that high-dose thiamine therapy reversed the activation of the hepatic hexosamine pathway and normalised non-HDL cholesterol and triglycerides in STZ diabetic rats. This provides new insight into metabolic signalling to counter dyslipidaemia in diabetes.
Materials and methods

STZ diabetic rats.
A detailed description of the research design was given previously [6] . Briefly, male Sprague-Dawley rats, 250 g, were purchased from Charles River UK (Ramsgate, Kent, UK). They were kept two per cage at 21°C, 50-80% humidity with a daily 14-h light cycle, and had free access to food and water. Diabetes was induced by injection i.v. with 55 mg/kg STZ. Body weight and moderate hyperglycaemia were stabilised by s.c. injection of 2 U of Ultralente insulin every 2 days. Thiamine and benfotiamine were given orally, mixed with the chow, at high doses (7 and 70 mg/kg/day) over 24 weeks to STZ diabetic and normal control rats. Body weight and food intake were measured and the chow content of thiamine and benfotiamine for rats receiving the dosing adjusted where necessary to maintain the indicated dose. The diabetic state was characterised by measurement of plasma glucose concentrations and HbA 1 . Plasma glucose concentrations were determined by the glucose oxidase method and glycated haemoglobin HbA 1 by boronate affinity chromatography (diagnostic kits 510 and 442; Sigma, Poole, UK). We assessed ketone bodies in the urine periodically by dip-stick Ketostix testing. No accumulation of ketone bodies was found by this method. After 6, 12 and 18 weeks of diabetes, blood samples (0.2 ml) were taken from the tail vein, and at 24 weeks, immediately after the rats were killed, a blood sample was taken by cardiac puncture, with heparin anticoagulant. Blood samples were centrifuged (2000 g, 10 min) and plasma removed and stored at −80°C until analysis. All procedures were approved by the UK Home Office for work under the Animals (Scientific Procedures) Act 1986; project licence 80/1481. Thiamine hydrochloride and benfotiamine (98-100%, pharmaceutical grade) were from Sigma and Welding (Hamburg, Germany) respectively.
Plasma cholesterol, HDL cholesterol, triglycerides, UDP-N-acetylglucosamine and hepatic fatty acid synthase activity.
Total plasma cholesterol and triglycerides were determined by endpoint enzymatic assay with INFINITY cholesterol and triglycerides reagents (ThermoTrace, Victoria, Australia). HDL cholesterol was determined by the L-Type HDL-C assay test kit (Wako, Osaka, Japan). Hepatic UDP-N-acetylglucosamine (UDP-GlcNAc, nmol/g wet weight) was determined by anion exchange HPLC with spectrophotometric detection [7] and FAS activity was determined spectrophotometrically by measuring the malonyl-CoA-and acetyl-CoA-dependent oxidation of NADPH as described [8] .
Transketolase activity, thiamine metabolites, fructosyl-lysine and advanced glycation endproducts and markers of oxidative stress. Hepatic transketolase (TK) activity was determined by spectrophotometric assay, and concentrations of thiamine, thiamine monophosphate (TMP) and thiamine pyrophosphate (TPP) were determined by HPLC with fluorimetric detection after pre-column derivatisation to thiochromes, as described [6] . Methylglyoxal-derived AGE, the hydroimidazolone MG-H1 and N ε -carboxyethyl-lysine (CEL), the glycoxidation product N ε -carboxymethyl-lysine (CML), N ε -fructosyl-lysine (FL) and the protein oxidative marker methionine sulphoxide (MetSO) were determined in liver cytosolic protein extracts by enzymatic hydrolysis and liquid chromatography triple quadrupole mass spectrometry with stable isotope-substituted standard calibration, as described [6, 9] . The concentration of hepatic reduced glutathione (GSH) was determined as nonprotein thiols by derivatisation of deproteinised extracts by Ellman's reagent [10] .
Statistical analysis. The significance of differences in mean values of study group analytes was assessed by Student's t test with or without correction for unequal variances (as indicated by the F test) where data distributions did not deviate significantly from normality (as judged by the Kolmogorov-Smirnov test). For non-parametric data, the significance of the difference of median values of two study groups was assessed by the Mann-Whitney U test and of more than two study groups by the Kruskal-Wallis test. A p value of less than 0.05 was considered significant. Significance testing was performed using SPSS, version 11.
Results
Dyslipidaemia in streptozotocin-induced diabetic rats with maintenance insulin therapy. Effect of high-dose thiamine and benfotiamine therapy. The STZ diabetic rats in this study had frank hyperglycaemia, as indicated by a five-fold increased plasma glucose concentration and two-fold increased glycated haemoglobin HbA 1 throughout the study period. Neither thiamine nor benfotiamine therapy improved the glycaemic status of STZ diabetic rats in this study-except for a small decrease in HbA 1 with 70 mg/kg thiamine at week 24 (Fig. 2a, b) . STZ diabetic rats were also thiamine deficient. The plasma thiamine concentration was 54% lower than in normal controls. In STZ diabetic rats plasma thiamine concentration was increased 2-fold by 7 mg/kg thiamine. In normal control and STZ diabetic rats it was increased two-fold and Data are means ± SEM (n=6-13). * p<0.05 with respect to control study group; ** p<0.01 with respect to control study group; *** p<0.001 with respect to control study group; 0 p<0.05 with respect to diabetic control study group three-fold respectively by 70 mg/kg thiamine, with respect to normal controls (p<0.001). Thiamine therapy did not increase plasma TMP concentrations. Plasma thiamine concentration in STZ diabetic rats was increased two-fold by 7 mg/kg benfotiamine. It was increased three-fold in normal controls and STZ diabetic rats by 70 mg/kg benfotiamine, with respect to normal controls (p<0.001). Benfotiamine therapy also increased plasma TMP concentration. Plasma TMP concentration was increased two-fold in STZ diabetic rats by 7 mg/kg benfotiamine (p<0.05) and five-fold in normal controls (p<0.001) and three-fold in STZ diabetic rats (p<0.05) by 70 mg/kg benfotiamine, with respect to normal controls (p<0.001) (Fig. 3a, b) .
In control rats, the concentration of total plasma cholesterol was 1.95±0.41 mmol/l, HDL 0.63±0.11 mmol/l and triglycerides 1.62±0.53 mmol/l (mean ± SD, n=13). In STZ diabetic rats, we found characteristic diabetic dyslipidaemia: the plasma cholesterol was increased 36%, HDL cholesterol decreased 27% and non-HDL cholesterol increased 69%, with respect to normal controls. Plasma triglycerides were increased 307%, with respect to normal controls ( Fig. 4a-d ). These characteristics of dyslipidaemia in STZ diabetic rats are similar to those found by other investigators [11] and corroborate well with estimates of plasma cholesterol fractionated by ultracentrifugation techniques [12] . Plasma cholesterol and non-HDL cholesterol were decreased markedly by thiamine therapy (70 mg/kg). Non-HDL cholesterol was decreased to 29% below normal control levels. HDL cholesterol was not changed significantly by thiamine therapy. High-dose thiamine (70 mg/kg) also normalised triglycerides. The TMP derivative, benfotiamine (70 mg/kg), had no significant effect ( Fig. 4a-d) . A lower dose of thiamine and benfotiamine 2238 R. Babaei-Jadidi et al.:
Fig. 3.
Effect of high-dose thiamine and benfotiamine therapy on plasma thiamine and hepatic glutathione status in STZ diabetic rats and controls. a. Plasma thiamine concentration, b. plasma thiamine monophosphate concentration, and c. hepatic GSH concentration. C, control; CT70, control + 70 mg/kg thiamine; CB70, control + 70 mg/kg benfotiamine; D, diabetic; DT7, diabetic + 7 mg/kg thiamine; DT70, diabetic + 70 mg/kg thiamine; DB7, diabetic + 7 mg/kg benfotiamine; DB70, diabetic + 70 mg/kg benfotiamine. Data are means ± SEM (n=6-13). * p<0.05 with respect to control study group; ** p<0.01 with respect to control study group; *** p<0.001 with respect to control study group; 0 p<0.05 with respect to diabetic control study group; 000 p<0.001 with respect to diabetic control study group (7 mg/kg) had no significant effect on plasma cholesterol or triglycerides. The effect of high-dose thiamine therapy (70 mg/kg) on the time course of development of diabetic dyslipidaemia was investigated. Throughout the 24 weeks of study, plasma cholesterol and triglyceride concentrations were increased significantly in the STZ diabetic control group, with respect to the normal control group and STZ diabetic group with thiamine therapy (p<0.001, Kruskal-Wallis test). At weeks 6, 18 and 24, plasma cholesterol concentration was increased in the STZ diabetic group but not in the STZ diabetic group treated with thiamine, with respect to normal controls. At weeks 12, 18 and 24, plasma triglyceride concentration was increased in the STZ diabetic group but not in the STZ diabetic group treated with thiamine, with respect to normal controls (Fig. 5a, b) .
The increased absorption of cholesterol esters from the intestinal tract in STZ diabetic rats sustains hypercholesterolaemia of STZ diabetics rats [12] and therefore the food consumption of STZ diabetic rats in this study was of interest. The food consumption of STZ diabetic rats was increased 62% with respect to normal controls. This was normalised by thiamine therapy (7 and 70 mg/kg) but not by benfotiamine therapy (7 and 70 mg/kg). Neither thiamine nor benfotiamine therapy increased the body weight of STZ diabetic rats. Glucosuria of STZ diabetic rats was decreased significantly by high-dose therapy with thiamine (70 mg/kg) and benfotiamine (7 mg/kg and 70 mg/kg) although plasma glucose concentration was not changed by either agent at both doses. Both thiamine and benfotiamine decreased diuresis in a dose-dependent manner (Table 1) . Data are means ± SEM (n=6-13). * p<0.05 with respect to control study group; ** p<0.01 with respect to control study group; *** p<0.001 with respect to control study group; 0 p<0.05 with respect to diabetic control study group; 000 p<0.001 with respect to diabetic control study group
The recent evidence for the involvement of the hexosamine pathway in hepatic lipogenesis led us to investigate the effect of high-dose thiamine on the hepatic concentration of UDP-GlcNAc, a critical intermediate involved in hexosamine pathway signalling [5] . Reversal of diabetic dyslipidaemia by high-dose thiamine was associated with a marked depletion of hepatic UDP-GlcNAc (Fig. 5c ) and a 51% decrease in hepatic FAS activity (Fig. 5d) . The hepatic activity of TK was decreased 31% in STZ diabetic rats, with respect to normal controls, and was normalised by highdose thiamine therapy activity (Fig. 6a ). Hepatic TK activity was similar, however, in thiamine-and benfotiamine-treated rats. We investigated the hepatic con- Figure 3 . Data are means ± SEM (n=6-13). * p<0.05 with respect to control study group; ** p<0.01 with respect to control study group; *** p<0.001 with respect to control study group; 0 p<0.05 with respect to diabetic control study group; 00 p<0.01 with respect to diabetic control study group; 000 p<0.001 with respect to diabetic control study group centrations of thiamine and its metabolites TMP and TPP in diabetic rats and controls. The concentration of TPP was decreased 53% in STZ diabetic rats, with respect to normal controls (Fig. 6b) . This was normalised by both thiamine and benfotiamine therapy. High-dose thiamine therapy increased the concentration of thiamine markedly in the liver of normal and STZ diabetic rats. High-dose benfotiamine therapy was less effective in loading the liver of STZ diabetic rats with thiamine ( Fig. 6c) . High-dose therapy with benfotiamine rather increased TMP in both control and STZ rats, whereas high-dose thiamine therapy did not. The increase in total hepatic thiamine metabolites (thiamine + TMP + TPP) in STZ diabetic rats was higher in thiamine-treated rats than in benfotiaminetreated rats (Fig. 6b-d) .
Increased activity of TK, produced by saturation of TK with TPP substrate and induction of TK expression by high-dose thiamine therapy [6] , leads to activation of the reductive pentose phosphate pathway. This may reverse the diabetes-induced increase in flux of triosephosphates, decreasing the rate of formation of the glycating agent methylglyoxal and hence decreasing the levels of related AGE derived from methylglyoxal, MG-H1 and CEL [6] . We determined the concentrations of the methylglyoxal-derived AGE in cytosolic protein extracts of liver homogenates.
Both methylglyoxal-derived AGE were unchanged in cytosolic proteins of diabetic rats, with respect to normal controls, but they were decreased in STZ diabetic rats by high-dose thiamine therapy. In contrast, the glycoxidation product CML and the early glycation adduct FL were increased significantly in diabetic controls and were not changed significantly by thiamine therapy ( Table 2) . Markers of oxidative stress were also determined. Hepatic GSH concentration was decreased 15% in STZ diabetic rats, with respect to normal controls. This was prevented by 70 mg/kg but not 7 mg/kg thiamine and benfotiamine (Fig. 3c) . The concentration of MetSO residues in hepatic protein extracts was not changed significantly in any study group, with respect to normal controls ( Table 2) .
Discussion
The effect of high-dose thiamine therapy on diabetic dyslipidaemia has not been investigated previously. The finding that high-dose thiamine therapy reversed and decreased non-HDL cholesterol and normalised triglycerides provides new insight into the physiological regulation of lipoprotein metabolism. This effect was achieved and maintained throughout the study period. The dose of thiamine to achieve these effects, For key see Table 1 . Data are means ± SD. Significance: * and o denote significance with respect to control and diabetic rats respectively, with one, two and three symbols denoting p<0.05, p<0.01 and p<0.001 respectively (Mann-Whitney U test) Figure 3 . Data are means ± SEM (n=6-13). * p<0.05 with respect to control study group; ** p<0.01 with respect to control study group; *** p<0.001 with respect to control study group; 00 p<0.01 with respect to diabetic control study group; 000 p<0.001 with respect to diabetic control study group however, was very high (70 mg/kg). Such doses are safe in human subjects over short dosing periods but no long-term evaluations of safety have been performed [13] . High-dose thiamine therapy may be required in diabetes because intestinal absorption of thiamine may be decreased [14] and renal clearance of thiamine increased [6] . Although the intestinal thiamine transporter is saturated by relatively low doses of thiamine, there is slow passive diffusion of thiamine at high concentrations [15] .
There was no improvement of glycaemic control in STZ diabetic rats by high-dose thiamine or benfotiamine therapy in this study, as found in independent investigations [16, 17] . Thiamine therapy has been shown to decrease hyperglycaemia in cirrhosis [18] , where hyperglycaemia is linked to insulin resistance of muscle and inadequate insulin secretion by beta cells [19] , and in thiamine-responsive megaloblastic anaemia (due to mutated high-affinity thiamine transporter), where hyperglycaemia is linked to impaired insulin secretion [20] . Remedial intervention by thiamine in both cases is likely to involve improved beta cell metabolism and insulin secretion. This is not available in the permanent insulin deficiency of the STZ-diabetic rat model and this is probably why thiamine and benfotiamine usually do not improve glycaemic control. It is not known if thiamine or benfotiamine improves glycaemic control in an animal model of type 2 diabetes. Indeed, dyslipidaemia is not usually a major problem in type 1 diabete mellitus, unless very poorly controlled. The reversal of dyslipidaemia in STZ diabetic rats without intermediacy of insulin suggests this effect may be achievable in both type 1 and type 2 diabetes-but this remains to be evaluated.
The increased absorption of cholesterol esters from the intestinal tract sustained the hypercholesterolaemia of STZ diabetics rats. Inhibition of intestinal uptake of cholesterol by inhibition of acyl coenzyme A: cholesterol acyltransferase activity decreased both plasma cholesterol and triglycerides [12] . The normalisation of food consumption by STZ diabetic rats with high-dose thiamine therapy may contribute to the reversal of dyslipidaemia by decreasing exposure to dietary cholesterol. However, both the 7 mg/kg and 70 mg/kg doses of thiamine prevented increase food consumption, whereas only the higher dose reversed dyslipidaemia. A combination of decreased food consumption and intervention in lipogenic signalling in the liver may be required to reverse dyslipidaemia. The lack of effect of benfotiamine on dyslipidaemia and food consumption of STZ diabetic rats suggests that there is a significant dichotomy of effects of high-dose thiamine and highdose benfotiamine in the diabetic state.
Both high-dose thiamine and benfotiamine decreased glucosuria and diuresis in STZ diabetic rats. The mechanisms of these effects are not known. Decreased glucosuria may be linked to decreased washout of glucose by the concomitant decreased diuresis and effects on renal glucose transporters. Decreased diuresis may be linked to reversal of diabetes-induced activation of protein kinase C by highdose thiamine and benfotiamine [6] and consequent reversal of the inhibition of water re-uptake by aquaporins in renal collecting duct cells [21, 22] . In any event, STZ diabetic rats with high-dose thiamine therapy consumed less food than control STZ diabetic rats whilst maintaining similar body weights. They also consumed less food than STZ diabetic rats with highdose benfotiamine therapy and had a similar reversal of diabetes-induced glucosuria. This suggests a complex mechanism of action of high-dose thiamine therapy that may be linked to more efficient absorption and/or use of nutrients than in STZ diabetic rats with and without high-dose benfotiamine therapy. Decreased food consumption by STZ diabetic rats with high-dose thiamine therapy may be linked to effects of the thiamine metabolites, TPP and thiamine triphosphate (TTP), on dopamine signalling in the brain related to sensory-specific satiety [23, 24] . Chronic increased dopamine secretion by TPP and TTP may downregulate the feeding incentive response. Oral dosing of thiamine produced higher amounts of protein-associated thiamine metabolites in the brain of mice than dosing with benfotiamine in the critical postprandial period [25] . This may be why thiamine had a satiation effect but benfotiamine did not. Increased expended energy in thiamine-and benfotiamine-treated rats may be due to increased physical activity and/or increased thermogenesis but these were not characterised in this study.
Both high-dose thiamine and benfotiamine decreased urinary glucose excretion in control rats. Since plasma glucose concentration was not changed, this suggests that both compounds increased the renal reuptake of glucose. Glucose re-absorption in the kidney occurs mainly via sodium-glucose co-transporter (SGLT). The insulin-stimulated glucose transporter (GLUT4) is also expressed in the ascending limb of the loop of Henle and is also induced by vasopressin [26, 27, 28] . Thiamine and benfotiamine-induced decrease in glucosuria may be linked to changes in SGLT and vasopressin-stimulated increase in GLUT4 activity.
Both thiamine and benfotiamine also prevented the development of nephropathy in the STZ diabetic rats in this study at both 7 and 70 mg/kg doses although only thiamine at the 70 mg/kg dose prevented dyslipidaemia. This suggests that nephropathy develops independently of dyslipidaemia. Indeed, pre-existing hypercholesterolaemia in a mouse model did not exacerbate glomerular lesions or albuminuria in the development of diabetic nephropathy, although it did lead to increased lipid accumulation in the tubular basement membrane [29] .
Reversal of dyslipidaemia by high-dose thiamine was associated with a decrease of the hexosamine intermediate UDP-GlcNAc. Glycosylation of the transcription factor Sp1 by UDP-GlcNAc leads to increased transcription of acetyl-CoA carboxylase, the rate-limiting enzyme for fatty acid synthesis [30] , and a switch to hepatic lipogenesis [4] . Although, in agreement with Robinson et al. [7] , we did not find an increase of hepatic UDP-GlcNAc in diabetic control subjects, the basal hepatic levels of UDP-GlcNAc may be permissive for de novo lipogenesis with concurrent signalling via sterol regulatory element binding protein-1c and carbohydrate response element binding protein [31] . Suppression of UDP-GlcNAc then decreases Sp1 glycosylation and represses lipogenic enzyme expression. Consistent with this, we found a decrease in the hepatic FAS activity of STZ diabetic rats with high-dose thiamine therapy but not in those with high-dose benfotiamine therapy. Hepatic de novo lipogenesis usually makes a minor direct contribution to triglyceride synthesis; triglyceride synthesis from fatty acids delivered to the liver from tissue lipolysis is a more important source of triglycerides. Metabolic signalling for hepatic de novo lipogenesis is, however, a trigger for increased hepatic lipoprotein synthesis and secretion which, together with increased intestinal absorption of cholesterol [12] and decreased LDL cholesterol processing [32] , leads to increased circulating atherogenic lipoproteins. The effects on the hepatic hexosamine pathway may explain, in part, why high-dose thiamine therapy counters dyslipidaemia in STZ diabetic rats effectively.
Thiamine therapy did not reverse decreased plasma HDL concentration in STZ diabetic rats. Increased ex-pression of cholesteryl ester transfer protein (CTEP) is linked to decreased HDL levels [33] . This was reversed by intensive insulin therapy [34] but appears not to be under the control of thiamine-induced responses. Decreased lipoprotein lipase (LPL) activity is associated with impaired removal and increased plasma concentrations of triglycerides in diabetes [35] . LPL gene expression is activated through the transcription factor Sp1 in its unglycosylated state [36] . The decreased glycosylation of Sp1 implicated in repression of lipogenic enzymes is expected to produce a concomitant Sp1-activated increase in LPL expression and activity. Indeed, this may also be involved in the correction of dyslipidaemia by thiamine.
Dysfunctional signalling for hepatic lipogenesis was sustained by decreased TK activity due to depletion of the cofactor TPP, although liver thiamine and TMP levels were normal. Overall, STZ diabetic rats were thiamine deficient because of increased renal clearance of thiamine [6] . This produced a selective decrease in TPP concentration without decreased concentrations of thiamine and TMP. Hepatic thiamine deficiency was reported previously in STZ diabetic Wistar rats [37] and alloxan-induced diabetic mice [38] . In the latter study, thiamine metabolites were analysed and a selective decline in TPP concentration found in the liver and heart. Thiamine enters hepatocytes mainly by the high-affinity thiamine transporter [39, 40] and TMP enters cells by the reduced folate transporter [41] . In the cytosol, TMP is hydrolysed rapidly to thiamine, and thiamine is phosphorylated to TPP by thiamine pyrophosphokinase (TPPK) [41] . The expression of TPPK was decreased in the liver and heart of thiamine-deficient rats [42] . Hence, diabetes-induced thiamine deficiency, with associated decreased expression of TPPK, may account for the decrease in hepatic TPP concentration.
Hepatic expression of thiamine-dependent enzymes is sensitive to decreased TPP concentration and leads to decreased TK and pyruvate dehydrogenase (PH) activities [43] . Normalisation of both TK and PH activities may counter hepatic lipogenesis and dyslipidaemia herein. Decreased TK activity impedes the reductive pentose phosphate pathway and thereby permits flux of fructose-6-phosphate to enter the hexosamine pathway and also sustains the metabolic flux for triosephosphate formation (Fig. 1) . A small proportion (0.1-1%) of triosephosphates degrade non-enzymatically to form methylglyoxa, a potent glycating agent and precursor of the AGE, MG-H1 and CEL [9] . High-dose thiamine therapy decreased MG-H1 and CEL residue concentration of cytosolic protein extracts of the liver but not the concentrations of CML or FL residues. This is consistent with the activation of the reductive pentose phosphate pathway and decrease of both fructose-6-phosphate and glyceraldehyde-3-phosphate (and indirectly dihydroxyacetonephosphate) by high-dose thiamine therapy. Markers of oxidative stress indicated only mild oxidative stress in the liver in STZ diabetic rats, which was reversed by thiamine and benfotiamine at the 70 mg/kg doses.
We cannot exclude a role for methylglyoxal-mediated effects in diabetic dyslipidaemia. Indeed, in independent studies we observed that intraperitoneal injection of methylglyoxal (50 mg/kg) in non-diabetic rats induced dyslipidaemia characterised by a 63% increase in plasma cholesterol and an 87% increase in plasma triglycerides (unpublished observations, J. Berlanga, P.J. Thornalley). Glycation of Sp1 may target the transcription factor for proteasomal degradation and lift the repression of lipogenic enzyme synthesis. Alternatively, glycation of apolipoprotein B100 may confer resistance to proteasomal degradation [44] . Further studies on the effects of glycation on lipogenic signalling and lipoprotein metabolism are required.
It was surprising that the TMP derivative, benfotiamine, did not have similar effects on diabetic dyslipidaemia to those of thiamine since it is thought to be an improved delivery vehicle for thiamine [45] . The reported biodistribution data indicated, however, that exogenous thiamine increased hepatic thiamine levels more markedly than benfotiamine in the 90-minute postfeeding period [25] , probably because of efficient uptake of portal venous thiamine into the liver. Postprandial lipidaemia may be particularly important in triggering changes in lipid metabolism in STZ diabetic rats [12] . High-dose thiamine and benfotiamine both normalised liver TPP concentration and hepatic TK activity in diabetic rats. Thiamine dosing may increase hepatic TPP concentration faster than benfotiamine dosing in the postprandial period. Since TK has a short half-life when unsaturated with TPP (25 min) [46] , a rapid increase in hepatic TPP concentration may be followed by a prompt increase in TK expression and activity in the postprandial period when dietary cholesterol and triglycerides are absorbed. Hence, lipogenic responses may be repressed by dosing with thiamine when they would otherwise be activated maximally.
The plasma concentration of thiamine in STZ diabetic rats in this study was decreased 54%, with respect to normal controls. This was due to an eight-fold increase in the renal clearance of thiamine in STZ diabetic rats [6] . High-dose thiamine and benfotiamine therapy gave a dose-dependent increase in the plasma concentration of thiamine, both compounds supra-normalising plasma thiamine concentration at both doses in STZ diabetic rats. Benfotiamine is a vehicle for the delivery of TMP and increased plasma TMP concentration in both control and STZ diabetic rats (Fig. 3a,  b) . High-dose thiamine (70 mg/kg) increased liver thiamine levels more than benfotiamine (70 mg/kg). The liver TMP concentration was increased markedly (four-fold) by benfotiamine up to ca. 30 nmol/g wet weight or more than 75 µmol/l in the hepatic cytosol. High concentrations of TMP inhibit TPPK activity non-competitively (K i =17 µmol/l) [47] and inhibit the entry of TPP into mitochondria competitively (K i =150 µmol/l) [48] . This may decrease the availability of TPP in diabetic rats. This may limit the effectiveness of benfotiamine and other vehicles of TMP delivery in countering diabetic dyslipidaemia.
High-dose thiamine therapy (7 and 70 mg/kg) has recently been shown to prevent incipient diabetic nephropathy [6] , where benfotiamine was equally effective, and 70 mg/kg thiamine also prevented diabetic dyslipidaemia. Thiamine and benfotiamine also suppressed the development of diabetic neuropathy and benfotiamine suppressed the development of retinopathy (where thiamine was not evaluated) in experimental diabetes in vivo [16, 17] . It is not known if high-dose therapy of thiamine or benfotiamine will be effective against microvascular complications, dyslipidaemia and cardiovascular disease in clinical diabetes. Clinical studies to date suggest that a significant proportion of diabetic patients are thiamine deficient [49, 50] . Given the continuing toll of CHD in the diabetic population, and the emerging multiple benefits of thiamine repletion in diabetes, we suggest that even mild thiamine deficiency in diabetes should be avoided and thiamine supplementation to high dose should be considered as a part of nutritional therapy to counter diabetic dyslipidaemia and vascular complications.
